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Abstract

There is potential for soil erosion and non-point source pollution during the establishment of short-rotation woody

crops (SRWC) in northern climates as a limited amount of cover remains on soils from the time of site preparation until

SRWC occupies the site early in the second growing season. To counteract these impacts, green manure crops may be

established and turned under early in the growing season. The effects of a green manure crop, white clover (Trifolium

repens L.), on growth rates, biomass allocation, and foliar nitrogen concentrations of two willow clones (Salix

sachalinensis and S. discolor) were compared in a field experiment to nitrogen fertilizer and control treatments over a

period of 4 months. Willows were grown in rooting envelopes and harvested four times during the growing season to

assess differences in allometric growth. White clover was found to increase the foliar nitrogen concentration of willow

without compromising aboveground biomass. Fertilizer induced a 24% increase in total biomass of willow relative to

the control. The rate of biomass allocation aboveground was greater relative to belowground under all treatments, and

allometric coefficients were greater than 1.0. The differences in nitrogen uptake patterns and nitrogen use efficiencies of

willow corresponded to the differences in biomass and foliar nitrogen concentrations between clones.

r 2005 Elsevier Ltd. All rights reserved.

Keywords: Biomass partitioning; Energy crops; Rooting envelopes; Salix
e front matter r 2005 Elsevier Ltd. All rights reserve

ombioe.2005.02.003

ng author. Tel.: +1315 470 4850;

6934.

sses: cbareval@syr.edu,

@ualberta.ca (C.B.M. Arevalo),

u (A.P. Drew), tavolk@esf.edu (T.A. Volk).
1. Introduction

Increasing attention is being directed towards
the need to develop short-rotation woody crops
(SRWC) for bioenergy and bioproducts because of
their positive environmental effects, ability to
revitalize rural economies and enhance national
d.
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energy security [1]. Willow shrubs (Salix spp.) are
chosen and grown as SRWC because they are easy
to propagate vegetatively, sprout vigorously when
coppiced, have high biomass production, have a
broad range of genetic diversity and are easy to
breed [2–4]. Currently, recommendations for the
establishment of SRWC involve the use of
herbicides and tillage in the fall to control weeds
and prepare the soil prior to planting [5]. From the
time of site preparation until SRWC is planted and
occupies the site (1.5 years), there is a limited
amount of cover on the soil. This increases the
potential for soil erosion [6–8] and non-point
source pollution from SRWC [9]. There is a need
to develop soil-conserving practices during estab-
lishment that will reduce soil erosion without
compromising the productivity and sustainability
of SRWC systems [10].
Integration and incorporation of green manure

crops have been practiced in agricultural produc-
tion systems to reduce runoff and soil erosion,
improve soil structure through the addition of
organic matter, improve soil microbial activity,
infiltration rates, soil moisture availability, nutri-
ent availability and weed suppression [11–15].
However, limited research has been conducted on
integrating cover or green manure crops in SRWC
systems. McLaughlin et al. [16] found that birds-
foot trefoil (Lotus corniculatus L.) cover crop, with
the addition of nitrogen fertilizer, caused a
significant increase in height in poplars (Populus

deltoides Bartr.) relative to sole trefoil and sole
native weeds cover crops. They also found that the
cover crop prevented fertilizer and soil nitrogen
leaching. Volk [17] found that the use of a
cereal rye (Secale cereale) cover crop increased
biomass production of poplar (Populus nigra�

maximowiczii, NM6) by 85% and had no effect on
willow (S. dasyclados, SV1) aboveground biomass
production, relative to a control with no cover
crop, when the cover crop was killed with a
herbicide before planting SRWC. The greater
aboveground biomass in poplar was attributed to
the effect of cereal rye on soil moisture. The cover
crop helped retain soil moisture and was found to
have been a factor in higher soil water content
in cover crop treatments over the entire growing
season. Living cover crops integrated during
establishment with various trees and woody crops
were found to compete for moisture, and possibly
light, resulting in reduced growth [18–20]. Malik et
al. [18] found that interstate lespedeza (Lespedeza

cuneata (Dumont) G. Don), tall fescue (Festuca

arundinacea L.), crimson clover (T. incarnatum),
and annual ryegrass (Lolium multiflorum) reduced
sweetgum (Liquidambar styraciflua L.) biomass by
41%, 37%, 27% and 15%, respectively.
Maximizing aboveground biomass of SRWC is

important from a production standpoint. In turn,
the relative allocation of dry matter between the
shoot and root of woody plants is a plastic feat-
ure and is dependent on site conditions as well as
clonal genotype and relates to the potential to
increase dry matter growth in the future. Ledig
et al. [21] showed how the relative distribution of
dry matter between the shoot and root of woody
plants may be examined with allometry and
demonstrated its use in understanding the
growth of loblolly pine (Pinus taeda) seedlings.
The coefficient of the allometric equation
expresses the dynamic balance between shoot
and root as it changes over time and is preferable
to a simple shoot/root ratio, which changes over a
growing season and during the development
of a plant.
Incorporating clover into the soil as green

manure is a method established in organic crop-
ping systems [22]. The species used in this work,
white clover (Trifolium repens L.), has been shown
to accumulate between 90 and 146 kg ha�1 of
nitrogen when killed a year after establishment
[12]. This is comparable to the annual nitrogen
uptake (18–103 kg ha�1) in actively growing willow
[23]. However, the nitrogen demand does not
depend solely on nitrogen uptake. The nitrogen
use efficiency (NUE) of the woody crop is also
important. Salix sachalinensis (SX61) and S.

discolor (S365), two commonly deployed willow
clones for SRWC in the northeastern United
States, were chosen in this study to represent two
levels of nitrogen use efficiencies. When grown
under unirrigated field conditions with minimal
nutrient inputs (100 kgN once in 3 years),
the stem nutrient use efficiency of SX61
(325.9 kg biomass kg�1N�1) is significantly greater
than the NUE for S365 (227.5 kg kg�1N�1) [24].
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The objective of this study was to determine the
effect of incorporating a green manure crop, white
clover, on the growth rates, biomass allocation,
and foliar nitrogen concentration of two clones
of willow, relative to a nitrogen fertilizer and a
control treatment.
1.02 m

0.81 m

0.23 m

soil surface

0.25 m

Fig. 1. The rooting envelope, beneath the surface of the soil

with a willow cutting on the open end, used in a green manure

study, Syracuse, NY, 2002.
2. Materials and methods

A field experiment was conducted at the
Lafayette Experiment Station of the State Uni-
versity of New York College of Environmental
Science in Syracuse, NY (4215905000N, 7610800800).
The field plot was located within a fenced area to
eliminate deer browsing. The soil is a Wassaic silt
loam soil (Glossoboric Hapludalf, fine loamy,
mixed, mesic) that is classified as well-drained [25].
The entire field experiment was 14.6� 47.2m.

The experiment was laid out as a completely
randomized block design with five replications.
The treatment design was a 2� 3 factorial. The
two clones selected for this trial were S. sachali-

nensis (SX61) and S. discolor (S365). Both were
originally obtained from the University of Tor-
onto in the early 1990s. S. discolor is originally
from southern Ontario while S. sachalinensis

originated from Japan. The second factor was
the three cover treatments: white clover, nitrogen
fertilizer, and control, where no treatment was
applied.
Site preparation began May 6, 2002 when the

existing vegetation was sprayed with glyphosate
(1.1 a.i. kg ha�1). The site was rototilled 13 days
later. The size of each plot was 8.2� 14.6m
planted with 126 willow cuttings per plot.
Porous membrane rooting envelopes were used

to facilitate the retrieval of entire willow root
systems upon harvest. Rooting envelopes have
been found to be an effective method for separat-
ing willow roots from the physical contact with
soil, while still allowing for movement of water
and nutrients from the external soil solution to the
roots [26]. The envelopes were constructed using
Versapors nylon fabric (Pall Corporation, MI)
made from hydrophilic membrane material con-
sisting of acrylic copolymer coating over a non-
woven nylon fabric with 3 mm diameter pores.
Envelopes were made by folding Versapors

sheets, with dimensions of 1.07� 1.63m, in half
lengthwise and sealing the long and one of the
short seams with wood glue and black electrical
tape. The other short seam was left open for easy
insertion of willow cuttings.
Four holes in each measurement plot were

excavated at a spacing of 0.91� 1.50m to a depth
of 0.25m to accommodate the rooting envelopes.
Approximately 1.02m of each rooting envelope
was laid-out horizontally on the ground and the
remainder with the open end was allowed to be
perpendicular to the soil’s surface. Soil was back-
filled when the rooting membrane was in place
(Fig. 1).
On May 27, 2002, a total of 1080 25-cm long

dormant hardwood cuttings were planted after
being soaked for 12 h. Each plot contained 16
cuttings—the middle four cuttings were inserted
into the open seam of each buried rooting
membrane. The envelopes were folded and sealed
around the emerging cutting using staples. Buffer
cuttings were planted at a spacing distance of
0.91� 0.61m. The whole experimental area was
irrigated once a week with an average of 5 cm of
water starting May 29, 2002.
On June 3, 2002, seeds of common Dutch white

clover, pre-inoculated with rhizobial inoculant
type ‘‘B’’, were broadcast at a rate of 10 kg ha�1.
Clover was mechanically killed and incorporated
into the 1–10 cm of soil on June 26, 2002. Fertilizer
plots were given a one-time application of
ammonium nitrate (June 15, 2002) at a rate of
90 kg ha�1. The amount of nitrogen from fertiliza-
tion was based on matching the corresponding
amount of nitrogen released from white clover.
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Fluazifop-P-Butyl (Fusilades, 0.45 kg active ha�1)
was applied to the whole experimental plot on July
31, 2002 to control grasses, which were the
dominant weed on the plots. The site was irrigated
biweekly during the growing season.
Out of 16 willow cuttings established per plot,

destructive measurements were taken from one of
the middle four ramets each month over a period
of 4 months (July 30, 2002, August 15, 2002,
September 10, 2002, and October 5, 2002). The soil
was loosened and the rooting envelope with the
entire belowground structure was removed. Each
plant was then separated into roots, stems and
leaves. Roots included the portion of the cutting
that was belowground as well as all the roots in the
envelope. Sealing the seams of the envelopes kept
the roots intact, prevented roots from escaping
and gave consistent results. Separated roots, stems
and leaves were dried to a constant weight at 65 1C
and weighed. Foliar N concentration was deter-
mined using the Kjehdahl method as detailed by
Bickelhaupt and White [27]. Three replications
were analyzed for foliar nitrogen concentration at
each harvest.
Allometry was used to compare changes in

allocation patterns over time [28,29] and logarith-
mic regressions of shoot, stem (shoot minus
leaves), and leaf dry weight on root dry weight
were compared. The model used was:

lnðY iÞ ¼ ln a þ b lnðX iÞ þ lnðeiÞ,

where Yi is the dry weight of shoot, stem, or leaf
(g) of the ith sample, Xi is the dry weight (g) of the
roots for the ith sample, a is the model intercept, b

is the model slope, ei is the random error
Table 1

Total biomass (g) for Salix sachalinensis (SX61) and S. discolor (S365

Treatment 1st harvest 2nd harvest

SX61 S365 Mean SX61 S365 Me

Control 19.9 15.2 17.6a 21.5 14.5 18.0

Clover 19.3 12.9 16.1a 20.0 14.2 17.1

Fertilizer 25.0 14.6 19.8b 24.1 17.0 20.6

Mean 21.4 14.2 21.9 15.2

aTreatments with the same letter within a given time period are no
associated with estimating the ith sample, and i is
any one of the samples in the data set.
Statistical analyses were performed using

PROC REG and PROC GLM procedures in
SAS version 8.0 [30]. Allometric regressions were
tested for occurrence of parallelism and equal
intercepts at a ¼ 0:05: Tukey’s (HSD) test was
used for pairwise comparison of treatment means
and the slicing option for PROC GLM to test for
differences between interaction LS-mean effects.
Statistical significance of hypotheses was assessed
at a ¼ 0:05 for main effects and a ¼ 0:25 for
interaction effects [31].
3. Results

Total biomass of SX61 was significantly
(p ¼ 0:0052; Tables 1 and 2) and consistently
greater than S365. Both clones showed little
growth between the first and second harvest but
biomass doubled between the second and third
harvests and increased by another 60% and 64%
for S365 and SX61, respectively, by the last
harvest (Table 1).
There were differences in total biomass produc-

tion among treatments (p ¼ 0:0296) and over time
(po0:0001). Total biomass of willow under the
clover treatment (31.4 g) was not significantly
different from the total biomass of willow under
the control treatment (32.1 g) but was significantly
lower than total biomass of willow under fertiliza-
tion (40.0 g).
Total willow biomass was similar among the

treatments at the first and second harvests, except
), grown in a green manure study, Syracuse, NY, 2002a

3rd harvest 4th harvest

an SX61 S365 Mean SX61 S365 Mean

a 39.9 26.3 33.1a 68.7 50.9 59.8a

a 41.3 32.6 37.0b 60.8 50.2 55.5b

a 45.8 47.1 46.4c 77.6 68.4 73.0c

42.3 35.4 69.0 56.5

t significantly different at a ¼ 0:05:
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under the fertilizer treatment during the first
harvest (Table 1). At the third harvest, total
willow biomass was significantly greater under
the fertilizer treatment, intermediate in the clover
treatment and least in the control. By the fourth
harvest, total biomass under the fertilizer treat-
ment was significantly greater than the other two
treatments and in contrast to the third harvest,
total biomass under the clover treatment was
significantly lower than the control.
Shoot:root allometric coefficients for control

and treatments ranged from 0.97 to 1.12 for SX61
and from 1.10 to 1.19 for S365. SX61 allotted
more dry matter to shoots in the rank order of
fertilizerocontroloclover treatments. S365 al-
lotted dry matter with rank order of treatments,
fertilizerocloverocontrol (Table 3). Comparing
Table 2

Mean square and p-values from ANOVA for total biomass (g)

for Salix sachalinensis (SX61) and S. discolor (S365) ramets,

grown in a green manure study, Syracuse, NY

Source df MS p-value

Block 4 454.3 0.0057

Clone 1 2088.0 0.0052

Cover 2 897.7 0.0296

Clone�cover 2 50.7 0.7900

Block(clone�cover) 20 212.6 0.0292

Time 3 13,503.0 o0.0001

Clone�time 3 59.5 0.6687

Cover�time 6 157.4 0.2345

Clone�cover�time 6 55.7 0.8154

Error 72 114.1

Table 3

Coefficients for ln y ¼ a þ b lnx for shoot on root dry weight of

Salix sachalinensis (SX61) and S. discolor (S365) in a green

manure study, Syracuse, NY, 2002

Clone treatment N a b R2 Sy.x, g

SX61

Control 20 �0.18 1.09 0.74 0.36

Clover 20 �0.24 1.12 0.73 0.37

Fertilizer 20 0.33 0.97 0.81 0.28

S365

Control 20 �0.56 1.19 0.86 0.29

Clover 20 �0.38 1.13 0.77 0.39

Fertilizer 20 �0.13 1.10 0.91 0.24
biomass equations indicated that the rates of shoot
(Fig. 2, Table 4) growth were similar or coincident
between clones and among the treatments, thus
one line can represent all treatments within and
between the two clones.
Stem biomass was proportionally the same for

all treatments and for both clones with slopes, b,
ranging from 1.07 to 1.17 for SX61 and 1.21 to
1.24 for S365. Slopes, b, indicate allocation of dry
matter to stem relative to roots in the rank order
of fertilizerocloverocontrol for SX61 and con-
trolocloverofertilizer for S365. Allometric coeffi-
cients for leaf growth relative to root growth
indicate slope, b, ranged from 0.81 to 1.19 for
SX61 and from 0.92 to 1.15 for S365. The rates of
stem and leaf growth relative to root growth were
similar or coincident between clones and among
the treatments, thus one line can represent all
treatments within and between the two clones.
Average foliar nitrogen concentration for willow

between treatments ranged from 18.2 to
21.0 g kg�1. Clonal differences between willows
showed that SX61 consistently had greater foliar
nitrogen concentration compared to S365
(p ¼ 0:0040; Tables 5 and 6). Main effects revealed
that foliar nitrogen concentration for both clones
under fertilization (21.0 g kg�1) was similar to the
clover treatment (20.0 g kg�1) and significantly
greater than the control (18.2 g kg�1). Foliar
nitrogen concentrations for both clones across
the four harvests (p ¼ 0:0484; Table 6) were
significantly greater under fertilization (Table 5)
at the first harvest but not in the subsequent
harvests. Foliar nitrogen concentration of willow
under the clover treatment was significantly great-
er relative to the control (Table 5) at the first and
second harvests but not at third and fourth
harvests.
4. Discussion

Total biomass of willow was not affected by the
white clover green manure crop until the end of the
growing season. Four-week-old clover just started
to develop nodules when they were turned under.
Fertilization, on the other hand, increased total
biomass by 24% relative to the control. Over the
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Table 4

P-values from t-tests done to test parallelism and equal

intercepts between treatments within clones and between

treatments for Salix sachalinensis (SX61) and S. discolor

(S365), in a green manure study, Syracuse, NY, 2002

H0:b3 ¼ 0 H0:b2 ¼ 0

Within clones

SX61

Control vs. clover 0.84 0.92

Control vs. fertilizer 0.27 0.18

Clover vs. fertilizer 0.19 0.14

S365

Control vs. clover 0.69 0.79

Control vs. fertilizer 0.27 0.11

Clover vs. fertilizer 0.18 0.10

Between treatments

Control vs. clover 0.73 0.82

Control vs. fertilizer 0.87 0.92

Clover vs. fertilizer 0.93 0.80

ln (Root dry weight), g

1.0 1.5 2.0 2.5 3.0 3.5 4.0

ln
 (

Sh
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ry
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ei
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, g

0.5
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2.0

2.5

3.0

3.5

4.0

4.5

SX61-control
SX61-control
SX61-clover
SX61-clover
SX61-fertilizer
SX61-fertilizer
S365-control
S365-control
S365-clover
S365-clover
S365-fertilizer
S365-fertilizer

Fig. 2. Allometric regressions of ln (shoot) on ln (root dry weight) for Salix sachalinensis (SX61) and S. discolor (S365) and three

different cover treatments (white clover, fertilizer, control), in a green manure study, Syracuse, NY, 2002.
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growing season, both clones exhibited periods of
rapid growth—doubling in total biomass between
the second and third harvests and further growing
60–64% by the last harvest. The time difference
between the first and second harvests was only 2
weeks, thus no distinct change was obvious.
Similar responses were found when stem volumes
of hybrid poplars grew 24–35% greater in the first
year when fertilized with either readily soluble or
controlled-released nitrogen at planting [32]. The
differences in nitrogen uptake patterns and
nitrogen use efficiencies of willow corresponded
to the differences in biomass between clones.
SX61 had greater biomass and faster rates of
growth compared to S365 under all cover treat-
ments. Since SX61 has a higher nitrogen effici-
ency ratio (325.9 kg biomass kg�1N�1) than S365
(227.5 kg kg�1) [24], SX61’s response was expected,
especially under the fertilizer treatment.
In terms of dry matter allocation, both willow

clones allocated more dry matter aboveground
(shoot) relative to belowground structures. Above-
ground biomass was more responsive to the
fertilizer treatment compared to the clover treat-
ment with the rank order of cloverocontrolofer-
tilizer. Further breakdown of shoot development
showed significant increase in dry matter alloca-
tion to stems for SX61 in the control and fertilizer
treatments, and with all treatments for S365,
relative to roots. With the same amount of dry
matter, biomass appears to be allocated more into
stem growth rather than leaf production, relative
to root growth, especially for S365.
For both SX61 and S365 the relative growth

rate of the shoot was greater than that of the root
during the first growing season. Allometric coeffi-
cients greater than 1.0, in this study as high as 1.2,
indicate that more dry matter is being allocated to
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Table 5

Mean foliar nitrogen concentration (g kg�1) for Salix sachalinensis (SX61) and S. discolor (S365), green manure study, Syracuse, NY,

2002a

Treatment 1st harvest 2nd harvest 3rd harvest 4th harvest

SX61 S365 Mean SX61 S365 Mean SX61 S365 Mean SX61 S365 Mean

Control 10.1 10.8 10.4a 16.3 17.2 16.8a 24.3 21.6 23.0a 23.9 21.6 22.7a

Clover 18.6 14.9 16.7b 22.8 15.8 19.3b 23.9 18.4 21.2a 23.5 21.8 22.7a

Fertilizer 24.6 17.9 21.3c 17.3 18.2 17.8ab 25.9 19.9 22.9a 23.2 20.9 22.1a

Mean 17.8 14.5 18.8 17.1 24.7 20.0 23.5 21.4

aTreatments with the same letter within a given time period are not significantly different at a ¼ 0:05:

Table 6

Mean square and p-values from ANOVA for foliar nitrogen

concentration (g kg�1) for Salix sachalinensis (SX61) and S.

discolor (S365) ramets, green manure study, Syracuse, NY, 2002

Source df MS p-value

Block 2 1.0 0.0160

Clone 1 1.6 0.0040

Cover 2 0.5 0.0476

Clone�cover 2 0.2 0.2031

Block(clone�cover) 10 0.3 0.8429

Time 3 1.8 0.0002

Clone�time 3 0.1 0.7580

Cover�time 6 0.5 0.0484

Clone�cover�time 6 0.1 0.7482

Error 36 0.1
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shoot growth than to root growth and that
shoot:root ratios, therefore, were increasing during
the first year. However, previous studies of
allometric growth of woody plants have indicated
that for the first year of growth, at least, allometric
coefficients, k (in this study, b), are much less than
1.0. Past work with Populus trichocarpa

(k ¼ 0:7720:97) [33], P. deltoides (k ¼ 0:4220:55)
[34], and with six deciduous species (measured
shoot:root ratios declined in four Quercus species,
Prunus serotina and Liriodendron tulipifera, imply-
ing ko1:0) [35], shows that early developmental
growth of woody dicots favors dry matter alloca-
tion to roots rather than to shoots. In these
studies, allometric coefficients were always less
than 1.0 and shoot:root ratios decreased in the first
year. A reanalysis of data of Drew [26], who grew
S. purpurea clonal material for 2 and 4 months in
separate one year studies indicates that willow
plants grown outside with minimal watering and
no fertilizer had allometric coefficients as low as
0.03 and were preferentially allocating large
amounts of dry matter to root growth. The present
study stands as an anomaly in the light of past
examples where dry matter allocation has been
followed and allometric growth favored roots in
the first year.
An explanation for an increasing shoot:root

ratio, may lie in the selection and management
practices followed for willow clones SX61 and
S365. Both the clones used in this experiment may
be ones that have exceptionally high rates of
genetically based shoot growth and this is reflected
in their relative growth rates. Clone S365, from
southern Ontario, was screened against hundreds
of other clones and selected for its good above-
ground growth potential. Clone SX61, from Asia,
likewise was screened from many others and
picked because of its superior aboveground
biomass production.
Alternatively, the willow clones used may have a

high degree of phenotypic plasticity that causes the
allocation of dry matter to shoots and roots to
vary with growing conditions. Aboveground allo-
cation of biomass to stem, leaf and branch growth
of trees has been shown to be favored by high soil
nitrogen availability and when soil nitrogen is low,
carbohydrate allocation to fine roots of trees is
favored [36–38]. Similar responses have also been
observed in response to water stress [39,40].
Further, mycorrhizal development and fine root
production is greater in low fertility soils [41].
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Thornley’s model [42] accounts for the dynamic
balance between shoot and root growth in trees. If
fertilization was a significant factor in allocation,
then there should have been a significant difference
between the fertilizer and control treatments. The
lack of response to nitrogen may be due to the
nitrogen that was mineralized from the organic
matter from the weeds that were turned under at
the beginning of the growing season. Previous
studies [38,43] indicated that under low nitrogen,
nitrogen was the limiting factor whereas under
high nitrogen treatment, water availability be-
comes the limiting factor for growth and produc-
tion of poplar and willow. The willow clones used
in this study were given both ample water and
nitrogen additions, interactive conditions that may
have promoted shoot growth at the expense of
root growth.
If selection practices are promoting the use of

clones with high shoot allometric growth, i.e., with
bX1:0; these clones may be at a genetic disadvan-
tage on dry soils or soils of low nutrient
availability. If phenotypic plasticity accounts for
the results reported here, then the clones may be
successful under adverse moisture or fertility
regimes, but produce less aboveground biomass.
In five unirrigated trials across the north-
eastern US, the first rotation yield of SX61
was always greater than S365 [44]. The yield
of SX61 (6.9–12.3 odt ha�1 yr�1) and S365
(1.6–8.0 odt ha�1 yr�1) varied widely depending
on site (soils and weed competition primarily)
and weather conditions, which covered a large
range in these trials. This suggests that these clones
are sensitive to site and weather conditions.
Despite the variation in yield, SX61 was always
ranked in the top three clones in all the trials, while
the ranking of S365 ranged from 4th–11th.
Relative to S365, and other willow clones used
for biomass production, SX61 may be more plastic
across a range of sites. Whether or not this is true,
and where the balance lies between genetics and
environmental influences for specific clones, may
be determined through experimentation.
Foliar N concentration increased significantly

under the clover treatment for the first 2 months of
growth before leveling off thereafter. Likewise,
foliar N concentration significantly increased with
fertilization, but leveled off for both clones after
only a month’s growth. Although foliar nitrogen
concentrations of willow obtained under the clover
and fertilizer treatments were found to be below
the optimum range of 3–4% [45], it was clear that
using white clover as a green manure or applica-
tion of a nitrogen fertilizer, increased foliar
nitrogen concentrations for willow. Clover killed
and incorporated hastened decomposition of plant
residues and probably enhanced soil aeration.
Upon death of a legume, soil bacteria consume
the new and abundant source of simple sugars and
proteins. Soil bacteria populations proportionally
increase in numbers and thereby increase the rate
of decomposition of the green manure [12].
Although it is difficult to control and foresee the
nitrogen mineralization pattern, high amounts of
nitrogen from clover are generally mineralized
within a month following incorporation [46,47].
The leveling off of foliar nitrogen concentrations
towards the end of the season, for both willow
clones, may be due to various factors. The porous
membrane envelopes forced the willow roots to
grow along a horizontal plane, which might have
limited mineralized nitrogen capture especially if
and when irrigation promoted leaching of
mineralized nitrogen below the depth by which
the roots were present. Also, foliar nitrogen
concentration usually peaks in mid- to late-August
then declines as nitrogen is withdrawn from
leaves and retranslocated back into buds, photo-
synthetic stems and roots before leaf abscission in
autumn [48].
Potential for soil erosion and non-point source

pollution during the establishment of SRWC is a
concern. Integrating and managing green manures
in SRWC may be helpful in the development of
this system to address these issues. Systems can be
developed to increase cover on the soil surface
to reduce soil erosion and weeds while maintaining
moisture and organic matter in soils. Approaches
that may improve the system include early
establishment of the green manure, allowing
it to remain for a longer period of time
before incorporation, using other green manures
or combinations of species, or leaving residue
on the soil surface to act more like a cover
crop.



ARTICLE IN PRESS

C.B.M. Arevalo et al. / Biomass and Bioenergy 29 (2005) 22–3130
Acknowledgments

The support of the Fulbright-Philippine Agri-
culture Scholarship Program and of the Short-
Rotation Woody Crops Program of the State
University of New York—College of Environ-
mental Science and Forestry (SUNY-ESF) is
gratefully acknowledged. The authors would like
to thank Dr. Eddie Bevilacqua and Dr. Lianjun
Zhang who provided invaluable assistance with
some of the statistical analyses. Special thanks to
Gary Bliss, Richard Kopp, Ken Burns, Ron
Toledo, Donald Bickelhaupt and Felizardo Are-
valo II who helped with the site preparation,
irrigation, herbicide application and laboratory
work of this project.
References

[1] National Research Council. Biobased industrial products:

priorities for research and commercialization. Washington,

DC: National Academy Press; 2000.

[2] Christersson L, Sennerby-Forsse L, Zsuffa L. The role and

significance of woody biomass plantations in Swedish

agriculture. Forestry Chronicle 1993;69(6):687–93.

[3] Mitchell CP. New cultural treatments and yield optimiza-

tion. Biomass and Bioenergy 1995;9:11–34.

[4] Volk TA, Abrahamson LP, White EH, Kopp RF, Nowak

CA. Producing short-rotation willow crops in the North-

eastern United States. In: Hartsough B, editor. Proceed-

ings of second short-rotation woody crops operations

working group conference, Vancouver, WA, 1999. p. 7–16.

[5] Abrahamson LP, Volk TA, Kopp RF, White EH, Ballard

JL. Willow biomass producer’s handbook. Syracuse, NY:

State University of New York College of Environmental

Science and Forestry; 2002.

[6] Kort J, Collins M, Ditcsch D. A review of soil erosion

potential associated with biomass crops. Biomass and

Bioenergy 1998;14:351–9.

[7] Malik RK, Green TH, Brown GF, Mays DA. Use of cover

crops in short rotation hardwood plantations to control

erosion. Biomass and Bioenergy 2000;18:479–87.

[8] Mann L, Tolbert V. Soil sustainability in renewable

biomass plantings. Ambio 2000;29:492–8.

[9] Heilman PE, Norby R. Nutrient cycling and fertility

management in temperate short rotation forest systems.

Biomass and Bioenergy 1998;14(4):361–70.

[10] Volk TA, Verwijst T, Tharakan PJ, Abrahamson LP,

White EH. Growing energy: assessing the sustainability of

willow short-rotation woody crops. Frontiers in Ecology

and the Environment 2004;2(8):411–8.

[11] Allison FE. Soil organic matter and its role in crop

production. New York: Elsevier Scientific; 1973.
[12] Sustainable Agriculture Network. Managing cover crops

profitably, 2nd ed. Beltsville, MD: Sustainable Agriculture

Network; 1998.

[13] Merwin IA, Pritts MP. Are modern fruit production

systems sustainable? HortTechnology 1993;3(2):128–36.

[14] Teasdale JR. Contribution of cover crops to weed

management in sustainable agricultural systems. Journal

of Production Agriculture 1996;9:475–9.

[15] Teasdale JR. Cover crops, smother plants, and weed

management. In: Hatfield JL, Buhler DD, Steward BA,

editors. Integrated weed and soil management. Ann Arbor,

MI: Arbor Press; 1998. p. 247–270.

[16] MacLaughlin RA, Pope PE, Hansen EA. Nitrogen

fertilization and ground cover in a hybrid poplar planta-

tion: effects on nitrate leaching. Journal of Environmental

Quality 1985;14(2):241–5.

[17] Volk TA. Alternative methods of site preparations and

coppice management during the establishment of short-

rotation woody crops. Dissertation, State University of

New York, Syracuse, NY, 2002.

[18] Malik RK, Green TH, Brown GF, Beyl CA, Sistani KR,

Mays DA. Biomass production of short-rotation bioe-

nergy hardwood plantations affected by cover crops.

Biomass and Bioenergy 2001;21(1):21–33.

[19] Cogliastro A, Gagnon D, Coderre D, Bhereur P. Response

of seven hardwood tree species to herbicide, rototilling,

and legume cover at two southern Quebec plantation sites.

Canadian Journal of Forest Research 1990;20:1172–82.

[20] Merwin IA, Stiles WC. Orchard groundcover management

impacts on apple tree growth and yield, and nutrient

availability and uptake. Journal of the American Society

for Horticultural Science 1994;119(2):209–15.

[21] Ledig FT, Bormann FH, Wenger KF. The distribution of

dry matter growth between shoot and roots in loblolly

pine. Botanical Gazette 1970;131:349–59.

[22] Breland TA. Green manuring with clover and ryegrass

catch crops undersown in small grains: effects on soil

mineral nitrogen in field and laboratory experiments. Acta

Agriculturae Scandinavica 1996;46:178–85.

[23] Adegbidi HG, Volk TA, White EH, Abrahamson LP,

Briggs RD, Bickelhaupt DH. Biomass and nutrient

removal by willow clones in experimental bioenergy

plantations in New York State. Biomass and Bioenergy

2001;20(6):399–411.

[24] Tharakan PJ, Volk TA, Nowak CA, Abrahamson LP.

Morphological traits of 30 willow clones and their

relationship to biomass production. Canadian Journal of

Forest Research 2005;35(2):421–31.

[25] Hutton FZ, Rice CE. Soil survey of onondaga county.

Central New York: USDA Soil Conservation Service;

1977.

[26] Drew AP. Establishment of willow cuttings grown in

porous membrane root envelopes. Plant and Soil

1993;148:289–93.

[27] Bickelhaupt DH, White EH. Laboratory manual for plant

tissue analysis. Syracuse, NY: State University of New York,

College of Environmental Science and Forestry; 1982.



ARTICLE IN PRESS

C.B.M. Arevalo et al. / Biomass and Bioenergy 29 (2005) 22–31 31
[28] Crow TR, Schlaegel BE. A guide to using regression

equations for estimating tree biomass. Northern Journal of

Applied Forestry 1988;5(1):15–22.

[29] Baskerville GL. Use of logarithmic regression in the

estimation of plant biomass. Canadian Journal of Forest

Research 1972;2(1):49–53.

[30] Statistical Analysis System. Version 8.0. Cary, NC: SAS

Institute; 1999.

[31] Stehman SV, Meredith MP. Practical analysis in factorial

experiments in forestry. Canadian Journal of Forest

Research 1995;25(3):446–61.

[32] Brown KR, van den Driessche R. Growth and nutrition of

hybrid poplars over 3 years after fertilization at planting.

Canadian Journal of Forest Research 2002;32(2):226–32.

[33] Cannell MGR, Willett SC. Shoot growth phenology, dry

matter distribution and root: shoot ratios of provenances

of Populus trichocarpa, Picea sitchensis and Pinus contorta

growing in Scotland. Silvae Genetica 1976;25:49–59.

[34] Drew AP, Bazzaz FA. Variation in distribution of

assimilate among plant parts in three populations of

Populus deltoides. Silvae Genetica 1978;27(5):189–93.

[35] Farmer Jr RE. Comparative analysis of 1st-year growth in

six deciduous tree species. Canadian Journal of Forest

Research 1980;10:35–41.

[36] Barnes BV, Zak DR, Denton SR, Spurr SH. Forest

ecology, 4th ed. New York: Wiley; 1998.

[37] Proe MF, Millard P. Relationship between nutrient

supply, nitrogen partitioning and growth in young Sitka

spruce (Picea sitchenis). Tree Physiology 1994;14(1):75–88.

[38] Ibrahim L, Proe MF, Cameron AD. Main effects of

nitrogen supply and drought stress upon whole-plant

carbon allocation in poplar. Canadian Journal of Forest

Research 1997;27:1413–9.

[39] Dickman DI, Liu Z, Nyugen PV, Pregitzer KS. Photo-

synthesis, water relations and growth of two hybrid

Populus genotypes during a severe drought. Canadian

Journal of Forest Research 1992;22:1094–106.
[40] Orians CM, Bolnick DI, Roche BM, Fritz RS, Floyd T.

Water availability alters the relative performance of Salix

sericea, Salix eriocephala, and other F1 hybrids. Canadian

Journal of Botany 1999;77:514–22.

[41] Vogt KA, Moore EE, Vogt DJ, Redlin MJ, Edmonds RL.

Conifer fine root and mycorrhizal root biomass within the

forest floors of Douglas-fir stands of different ages and site

productivities. Canadian Journal Forest Research

1983;13(3):429–37.

[42] Johnson IR, Thornley JHM. A model of shoot:root

partitioning with optimal growth. Annals of Botany

1987;60:133–42.

[43] Pradeep PJ. Production ecology of willow clones in

biomass plantations. Dissertation. Syracuse, NY: State

University of New York; 2003.

[44] Kiernan BD, Volk TA, Tharakan PJ, Nowak CA,

Phillipon SP, Abrahamson LP, White EH. Clone-site

testing and selections for scale-up plantings: final Report

prepared for the United States Department of Energy

under cooperative agreement No. DE-FC36-96GO10132.

Short-Rotation Woody Crops Program at SUNY-ESF,

Syracuse, NY, 2003.

[45] Kopinga J, van den Burg J. Using soil and foliar analysis

to diagnose the nutritional status of urban trees. Journal

Arboriculture 1995;21(1):17–24.

[46] Breland TA. Enhanced mineralization and denitrification

as a result of heterogeneous distribution of clover residues

in soil. Plant and Soil 1994;166:1–12.

[47] Frankenberger WT, Abdelmagid HM. Kinetic para-

meters of nitrogen mineralization rates of leguminous

crops incorporated into soil. Plant and Soil 1985;87:

257–71.

[48] von Fircks Y, Ericsson T, Sennerby-Forsse L.

Seasonal variation of macronutrients in leaves, stems

and roots of Salix dasyclados Wimm. grown at two

nutrient levels. Biomass and Bioenergy 2001;21(5):

321–34.


	The effect of common Dutch white clover (Trifolium repens L.), as a green manure, on biomass production, allometric growth and foliar nitrogen of two willow clones
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	References


